Background: MicroRNAs are a class of small RNA molecules that inhibit protein expression through either degradation of messenger RNA or interference with protein translation. Our previous work suggested an involvement of miR-30e in myocardial fibrosis; however, the exact role of miR-30e in the pathogenesis of cardiac fibrosis and the underlying mechanisms are not known.
INTRODUCTION
Cardiomyopathy will eventually progress to heart failure if no effective treatment is rendered. Heart transplantation remains the most effective treatment for patients with end-stage heart failure. However, it is challenging to have a cardiac transplantation because of complex technical requirements and shortage of viable heart donors. Structural changes caused by cardiomyopathy are referred to as cardiac remodeling. [1] [2] [3] At the cellular level, cardiac remodeling is associated with increased oxidative stress, apoptosis, and myocardial fibrosis. Fibrosis-increased stiffness of the heart, disrupted electrical coupling, and tissue hypoxia together contribute to cardiac contractile dysfunction and development of heart failure. 4, 5 Multifactorial mechanisms are implicated in the pathogenesis of cardiac fibrosis, and one of them is activated Snai1/transforming growth factor-beta (TGF-b) signaling. Snai1, a zinc finger transcription factor, was shown to induce fibrosis in various organs, including the kidneys, liver, and lungs through activating epithelial-mesenchymal transition (EMT), [6] [7] [8] [9] which plays an important role in organ fibrosis. 10 In addition, it has been well documented that Snai1 activation after organ injury is associated with increased activity of the TGF-b cascade, which also plays an important role in EMT. 11 MicroRNAs (miRNAs) are a class of small RNAs that negatively regulate gene expression through repression of target messenger RNAs (mRNAs). 12, 13 MiRNAs are often coded in clusters and transcribed as single transcriptional units, each forming a primary miRNA, which is then processed and gives rise to multiple mature miRNAs. 14, 15 Groups of miRNAs share the same "seed region," which is the sequence necessary for target mRNA recognition and is usually located between nucleotides 2 and 8. 16 Therefore, miRNAs play influential roles in the posttranscriptional "fine tuning" of gene expression. Previous studies have shown that a number of miRNAs are associated with cardiovascular diseases, including myocardial fibrosis, atherosclerosis, and heart failure, 17 indicating that miRNAs play important roles in the pathogenesis and progression of cardiovascular disease.
MiR-30e is highly expressed in mouse hearts 18 and shown to be involved in cardiovascular disease. For instance, miR-30e was mainly expressed in atherosclerotic plaques but not in healthy vessels. 19 Also, doxorubicin was shown to reduce the expression of myocardial miR-30 and promoted apoptosis, 20 suggesting that miR-30 might play a role in cardiac fibrosis. However, the exact role of miR-30 in cardiac fibrosis and remodeling, including its underlying mechanisms, are largely unknown.
Therefore, our hypothesis is that miR-30e may protect the heart from agonist-induced cardiac fibrosis and heart failure. In this study, we use a rat cardiac remodeling model induced by isoproterenol (ISO), a synthetic catecholamine and b-adrenergic receptor agonist, to explore the effects of miR-30e on cardiac function during heart failure and to investigate the molecular mechanisms involved in rat cardiac remodeling after miR-30e treatment.
MATERIALS AND METHODS

Animals and Experimental Protocols
Male rats (Sprague Dawley rats, 8-10 weeks old) were obtained from Jilin University of Medicine Laboratory and were maintained in a pathogen-free facility. Both animal husbandry and experimental procedures complied with the Guide for the Care and Use of Laboratory Animals from the National Institutes of Health, DHEW publication No. NIH 85- 23, 1996 . All procedures were reviewed and approved by the Institutional Animal Care and Use Committee of Jilin University. Rats were randomly divided into 2 groups: rats were intraperitoneally injected with ISO (2 mg/kg) once a day for 10 days or injected with the same volume of 0.9% normal saline. ISO-treated rats were then further randomly assigned into 4 subgroups (n = 6/group); each subgroup was injected with miR-30e agomir (AG, 10 nmol), antagomir (AN, 10 nmol), or their respective negative controls (NCs) AG-NC (10 nmol) and AN-NC (10 nmol).
Reagents
Masson's trichrome staining kit was purchased from Jiancheng Biological Engineering Institute (Nanjing, Jiangsu, China). Antibody against nitrotyrosine was purchased from Invitrogen (Carlsbad, CA). Anti-TGF-b and anti-b-actin antibodies were purchased from Cell Signaling Technology (Beverly, MA). Anti-Snai1 antibody and horseradish peroxidaseconjugated secondary antibody were obtained from Santa Cruz Biotechnology Inc (Dallas, TX). MiR-30e AG/AN and their respective NCs were purchased from RiboBio (Guangzhou, China). All miR-30e-related sequences are shown in Table 1 .
Histology
Cardiac fibrosis was evaluated with Masson's trichrome staining. Briefly, the hearts were collected from rats of control and ISO-treated groups after 10 days of ISO injection, followed by fixation in 10% formalin for 48 hours. Specimens were then embedding in paraffin, cut into 4 mm thick sections, and stained according to the manufacturer's instructions.
Western Blot
Total proteins from myocardial tissue were extracted using RIPA lysis buffer containing protein phosphatase inhibitors. Forty mg protein lysate of each sample was stacking on 4% sodium dodecyl sulfate-polyacrylamide gel electrophoresis, then separated in 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a polyvinylidene fluoride membrane. The membrane was blocked for 1 hour at room temperature with 5% milk or 5% bovine serum albumin, followed by incubation with anti-nitrotyrosine antibody (1:2000), anti-TGF-b antibody (1:3000), and anti-Snai1 antibody (1:2000) at 48C overnight. Membranes were then washed 3 times with TBS-T and incubated with a horseradish peroxidase-conjugated secondary antibody (1:5000) for 1 hour at room temperature. Membranes were also immunoblotted with an anti-b-actin antibody (1:4000) as an internal control. Protein bands were visualized by luminol chemiluminescence (Bio-Rad; Hercules, CA). The intensity of each band was quantified using ImageJ (NIH).
Reverse Transcription and Quantitative Polymerase Chain Reaction
Total RNA was extracted from the hearts of control and ISO groups using Trizol reagent (Invitrogen, NY) according to the manufacturer's instruction. Methods to detect miR-30e expression were as follows: Reverse transcription was performed with the TaqMan miRNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA), followed by quantitative polymerase chain reaction using SYBR Green Master Mix (Applied Biosystems) with the following thermal cycling profile: 958C for 20 seconds, 40 cycles of amplification (958C for 10 seconds, 608C for 20 seconds, and 728C for 10 seconds), and melt curve analysis. The relative expression levels of miR-30e were calculated using the 2 2DDCt method, and standardization was performed using U6 primers. The primer sequences are shown in Table 1 .
Dual-luciferase Reporter Assays
Two target prediction applications: TargetScan and miR-WALK, were used to predict Snai1 as the potential target of miR-30e. Wild-type (WT) or mutant 3 0 -untranslated regions (UTRs) of Snai1 were subcloned into the psiCHECKTM-2 reporter vector (Promega, Madison, WI), and the sequences of the synthesized oligos are shown in Table 1 . WT or mutant reporter vector (50 ng/well) was cotransfected with miR-30e mimics (50 nM) or scrambled oligonucleotides (Ambion miR-NA Precursors; Life Technologies, Carlsbad, CA) into 293T cells (1 · 10 4 cells/well) for 48 hours with Lipofectamine 2000 in 96-well plates. The luciferase activity was measured 48 hours after transfection using a Dual-Luciferase Reporter Assay System (Promega). Each sample was assayed in triplicate and the dual-luciferase reporter assay was repeated 3 times.
Echocardiography
Echocardiography was performed 10 days after ISO injection using a VIVID 7 dimension system (General Electric Vingmed Ultrasound; Horton, Norway). Images were captured using a 10S transducer (5.5-12.0 MHz) with a high temporal and spatial resolution. In brief, rats were anesthetized with an intraperitoneal injection of 25 mg/kg pentobarbital sodium. The transducer was placed directly on the shaved chest wall. A complete 2-dimensional, M-mode, color, and tissue Doppler echocardiogram was performed as previously described, according to the standards of the American Society of Echocardiography. 21 Data of 3 consecutive heart cycles were digitally recorded and analyzed (Echo Pac; GE Medical Systems, Chicago,IL).
Statistical Analysis
All the data were expressed as mean 6 SEM. Comparisons between 2 observations were assessed by Student's paired t test. Two-way analysis of variance was used, followed by the Bonferroni test to evaluate the difference among multiple groups. A P value of , 0.05 was considered statistically significant.
RESULTS
MiR-30e Is Downregulated in ISO-treated Rat Hearts
We first evaluated the expression level of miR-30e in the rat hearts of control and ISO-treated groups by reverse transcription quantitative polymerase chain reaction. The miR-30e expression level in the ISO-treated rats was significantly lower than that of control rats (P , 0.05) (Fig. 1) .
MiR-30e Improves the Survival Rate and Attenuates Cardiac Fibrosis of ISO-treated Rats
To explore the effects of miR-30e on the phenotype of ISO-treated mice, rats were injected with miR-30e AG or AN through the tail vein. MiR-30e AG administration increased the survival rate of ISO-treated rats, but miR-30e AN significantly decreased the survival rate ( Fig. 2A) . Consistent with the above observation, Masson's trichrome staining revealed that miR-30e AG greatly diminished the left ventricular fibrosis in ISO-injected rats. However, miR-30e AG aggravated cardiac fibrosis (Fig. 2B) . Thus, we conclude that miR-30e possesses the capability to provoke ISO-induced cardiac fibrosis.
MiR-30e Improves Cardiac Function of ISOtreated Rats
Next, we asked whether miR-30e could improve cardiac function of ISO-treated rats. Echocardiography was performed on rats from 4 groups: AG-NC, AG, AN-NC, and AN. As shown in Figure 3 , although rats in AG-NC, AN-NC, and AN groups showed no difference in left ventricular wall thickness, diameters, fractional shortening (FS), and ejection fraction (EF), the AG group showed significantly improved EF%, FS %, left ventricular end-diastolic posterior wall thickness, and left ventricular internal dimension in diastole (*P , 0.05 vs. AG-NC). Consistent with the above observations, miR-30e substantially attenuates ISO-induced cardiac dysfunction.
Snai1 Is a Putative Target of MiR-30e
miRNA regulates gene expression through repression of the mRNA level of target genes. We predicted Snai1 as a potential target of miR-30e using TargetScan and miR-WALK. Prediction algorithms showed that miR-30e was one FIGURE 1. MiR-30e is downregulated in ISO-treated rat hearts. MiR-30e expression levels were evaluated using quantitative reverse transcription polymerase chain reaction. Data were compiled from at least 3 independent experiments each performed in triplicate. *P , 0.05; CF, cardiac fibrosis.
of the potential miRNAs binding on the 3 0 -UTR of Snai1. We next fused WT Snai1 3 0 -UTR sequence into a luciferase reporter vector and generated a mutation from UGUUUAC to ACAAAUGA on 630 to 637 on the miR-30e-binding sequence (Fig. 4) . The WT or mutant reporter was cotransfected with miR-30e mimics into 293T cells, followed by luciferase activity measurement after 48-hour transfection. Although miR-30e greatly reduced the WT 3 0 -UTR-fused reporter activity, it did not have any significant effect on the mutated reporter activity. Thus, we conclude that Snai1 is a direct target of miR-30e.
MiR-30e Attenuates ISO-induced Cardiac Fibrosis Through Snai1/TGF-b Pathway
Previous studies have shown that the expression of Snai1 in epithelial cells has contributed to the generation of EMT, which promotes the progression of organ fibrosis. [22] [23] [24] Indeed, Snai1 plays an essential role in myocardial fibrosis by activating cardiac fibroblasts, and subsequently promoting the generation of collagen synthesis. Because the putative miR30e-binding sites in the 3 0 -UTR of Snai1 was verified, we assumed that miR-30e directly inhibits the Snai1-TGF-b signaling cascade and thus attenuated myocardial fibrosis. Western blots were performed on the protein lysates purified from the hearts from the 4 groups treated with ISO. MiR-30e AG significantly reduced the expression of Snai1, TGF-b, and nitrotyrosine, a bio marker of oxidative stress, whereas miR-30e AN increased their expression (Fig. 5) . These data suggest that miR-30e may attenuate oxidative stress level and myocardial fibrosis at least in part through suppressing the Snai1/TGF-b signaling cascade.
DISCUSSION
Myocardial fibrosis is one of the major pathological changes in the failing hearts and contributes to the cardiac stiffness, arrhythmia, and decreased cardiac function. Therefore, reducing myocardial fibrosis represents a valid therapeutic avenue and is an active research area. The major findings from this study are as follows: (1) miR-30e improves cardiac function and reduces myocardial fibrosis in ISOtreated mice, and (2) miR-30e significantly reduces Snai1/ TGF-b signaling, which plays an important role in the pathogenesis of cardiac fibrosis.
It has been well documented that several miRNAs are involved in the development and/or progression of cardiovascular diseases and might serve as potential therapeutic targets. 25 For example, miR-133 and miR-24 are 2 of the major antifibrotic miRNAs that reduced cardiac fibrosis in heart failure, [26] [27] [28] whereas some miRNAs including miR-21 promoted cardiac fibrosis. 29 In this study, we used an ISOtreated rat model to explore the changes of miR-30e on cardiac function in hypertrophic, failing hearts. We found that miR-30e was downregulated in ISO-induced cardiac remodeling and heart failure. Also, miR-30e AG significantly improved the survival rate of ISO-treated rats, attenuated ISO-triggered cardiac dysfunction, and diminished cardiac fibrosis. On the contrary, miR-30e AN heightened the cardiac hypertrophy and dysfunction induced by ISO. These findings together suggest that miR-30e plays a protective role in cardiomyopathy and heart failure by reducing cardiac fibrosis. Our findings are in agreement with several previous reports, in which downregulation of miR-30e expression was observed in dilated cardiomyopathy, 30 and in doxorubicintreated mouse hearts, doxorubicin-treated cultured cardiomyocytes, and infarcted myocardium. 20 Moreover, decreased expression of miR-30e was believed to contribute to increased activity of b-adrenergic signaling and heart failure. 20 More interestingly, miR-30e-5p, an isoform of miR-30e, was significantly reduced in circulating blood of patients with coronary artery diseases. 31 Taken together, we believe that miR-30e could be a potential therapeutic target for treatment of cardiomyopathy and heart failure. It will be of great interest to explore whether and how the miR-30e level is altered in the myocardium of patients with different stages of heart failure.
As mentioned above, the molecular mechanisms leading to cardiac fibrosis are complex, and several molecules and signaling pathways are involved. For example, it has been well recognized that TGF-b signaling plays an important role in the pathogenesis of cardiac fibrosis, as evidenced by findings showing that myocardial TGF-b was upregulated in hypertrophic and infarcted hearts, in patients with cardiac muscle disorders, and in a mouse model that overexpressed TGF-b. 32 Also, reactive oxygen species (ROS), which are activated in most diseased hearts, 33 activate TGF-b signaling and thus are implicated in cardiac fibrosis. 34, 35 In addition, Snai1, a zinc finger-containing transcription factor, is well known for its role in promoting EMT, 8 which plays a role in fibrosis of a number of organs including the heart. 36 Thus, Snai1 is believed to act as a cardiac fibrosis promoter in diseased hearts. Indeed, a recent study revealed Snai1 as a potential target in ischemia-reperfusion-induced cardiac fibrosis. 11 Moreover, Snai1 and TGF-b signaling were also functionally correlated. Consistent with the above reports, in this study, we found that miR-30e AN significantly increased the myocardial expression of Snai1 and TGF-b, suggesting that Snai1 and TGF-b contribute to the pathogenesis of ISOinduced cardiac remodeling and fibrosis. In addition, miR-30e AG was found to substantially reduce the expression of Snai1 and TGF-b in ISO-treated rat hearts, which coincided with the improved cardiac function of ISO-treated rats, indicating that the increased level of miR-30e benefited ISO-treated rats by decreasing Snai1 and TGF-b expression. In addition, miR30e AG suppressed the production of ROS, as evidenced by the decreased level of nitrotyrosine, an indicator of the level of oxidative stress and the activity of ROS. 37 Taken together, these findings suggest that miR-30e ameliorated cardiac fibrosis at least in part through suppressing the activation of Snai1/TGF-b signaling and oxidative stress in the hearts linked to ISO treatment. Previous findings suggested that downregulation of miR-30-mediated apoptosis through upregulated p38 and DRP1 38 and that miR-30e mimic downregulated Beclin-1 and protected primary cardiomyocytes against apoptosis in vitro. 39 Given that p38, Drp1, and Beclin-1 were all involved in ISO-induced cardiac dysfunction, [40] [41] [42] we speculate that miR-30e protects the heart against ISO-induced cardiac phenotypes through multiple mechanisms. Further studies are needed to corroborate our premise.
In this study, we further identified Snai1 as a novel miR30e target through mutagenesis and reporter analysis on the 3 0 -UTR of Snail gene. We found that miR-30 directly mediated Snai1 expression through binding to its putative binding element localized in the 3 0 -UTR of Snail gene. Although miR-30e has been previously studied for its potential implication in human disease and in animal models, studies attempting to identify its direct targets have been limited. A previous study uncovered Bmi1 as a direct putative target of miR-30e. 43 In addition, a recent study suggested that Snai1 was a direct target of miR-30e-3p in clear cell renal cell carcinoma. 44 Taken together, these findings support the notion that miR-30e may be involved in a number of pathological processes and human diseases through mediating the expression of Snai1.
In conclusion, we demonstrated that miR-30e improves the survival rate of ISO-treated rats, which results from miR30e-linked amelioration of cardiac dysfunction and reduction in cardiac fibrosis. Mechanistically, miR-30e significantly diminishes the ISO-triggered activation of Snai1/TGF-b signaling and oxidative stress. We further demonstrate that Snai1 is a direct putative target of miR-30e. Therefore, we propose that miR-30e may serve as a potential target for treatment of cardiomyopathy and heart failure.
